When tested on endothelial cell-derived extracellular matrices, neutrophils again showed functional nonresponsiveness to Nformnyl-Met-Leu-Phe. Scanning electron microscopy revealed an impressive congruency between the degree of cellular spreading and metabolic activation iu the presence of N-formylMet-Leu-Phe, with maximally flattened neutrophils on plastic vs. nonspread, polarized cells on monolayers. Identical results were obtained by using other adhesion inducers such as complement-activated plasma or endotoxin. Lack of cell injury by N-formyl-Met-Leu-Phe-exposed neutrophils was corroborated by the absence of tracer release from 1l"njtropolonate-labeled endothelium. These results indicate that biologic surfaces possess antiadhesive properties that protect them from cytotoxic damage by stimulated angry phagocytes.
Introduction
Research performed primarily over the last 10-15 yr has identified a powerful cytotoxic armamentarium of human neutrophils. Upon activation by particle phagocytosis, circu-lating or bound immune complexes, and endotoxin as well as a series of other soluble stimuli (1) , neutrophils generate reactive oxygen metabolites (2) and discharge lysosomal components (3, 4) . Since vascular endothelial cells are a primary target for systemically or locally activated neutrophils, in vitro models suitable to study neutrophil-endothelium interaction have become an important experimental tool. However, results obtained thus far with such models allow no definite and uniform conclusions, and it remains unclear under what circumstances and conditions neutrophils may damage endothelial cells and, if they do, what mechanisms are mainly responsible for such damage. Whereas initial studies pointed to an oxygen metabolite-dependent (5, 6) or protease-dependent (7) endothelial cell alteration induced by stimulated neutrophils, more recent observations demonstrated the lack of damage to endothelial cell monolayers, even after prolonged exposure to phorbol myristate acetate-activated granulocytes (8, 9) . A thorough analysis of the role of the glutathione redox cycle of cultured endothelial cells led to the conclusion that endogenous antioxidant defense mechanisms are protective against aggressive neutrophils (9) .
On the one hand, soluble mediator-induced neutrophil hyperadhesiveness on plastic tissue culture dishes is invariably accompanied by intense release of lysosomal granule constituents and respiratory burst activation (10) (11) (12) (13) , representing a powerful model to investigate neutrophil cytotoxic states; on the other hand, endothelial vascular damage seems to be a rather unusual event in systemic inflammatory states, suggesting that protective mechanisms might indeed be operative in vivo. Therefore, comparative studies with neutrophils suspended in autologous plasma in the presence or absence of what in our hands is the most potent adhesion inducer, the N-formylpeptide f-Met-Leu-Phe (fMLP),' were performed on different biological surfaces (cultured endothelial cells and fibroblasts, fibronectin, collagen, and extracellular matrix).
Methods
Preparation of cultured cells. Endothelial cells were obtained from human umbilical cord veins by the itethod of Jaffe et al. (14) . The cells were grown in Medium 199 (Gibco Laboratories, Glasgow, Scotland) supplemented with 20 pooled heat-inactivated (56°C, 30 min) human serum, penicillin (100 U/mil; Gibco Laboratories), and streptomycin (100 ug/ml; Gibco Laboratories) and buffered with 15 mM Hepes (Calbiochem-Behring Corp., La Jolla, CA) at pH 7.55. For optimal growth stimulation, the fhedium was constantly enriched with L-glutamin (2 mM), endothelial cell growth factor from bovine hypo- (14, 17) and of Weibel-Palade bodies in transmission electron microscopy and showed only rare contamination by other cells (perhaps smooth muscle cells) (17) .
For experiments involving neutrophil-fibroblast interaction, normal human skin fibroblasts were kindly provided by Dr. Beat Stei mann, Kinderspital, Zurich. Completely covering cell layers were cultured in the 4th-12th passage under identical conditions except that growth factor and heparin were not added to the culture medium.
Preparation ofsubendothelial extracellular matrix (ECM). Confluent endothelial cell monolayers on 10 X 35-mm tissue culture dishes (functional studies) or on Thermanox coverslips (morphologic studies) were maintained in culture for an additional 6-10 d to produce a close layer of ECM. Culture dishes coated with ECM were prepared as previously published (18): endothelial monolayers were first lysed with distilled water and then exposed to 0.5% NH40H in distilled H20 for 5 min at room temperature; the adherent matrix was washed five times with phosphate-buffered saline. As shown in Fig. 1 B, the insoluble ECM remained firmly attached to culture dishes/coverslips. In some experiments, neutrophil-ECM interaction was studied after ECM had been preincubated with antifibronectin antibodies and with F(ab')2 fragments of such antibodies (Cappel Laboratories, Cochranville, PA); after preincubation for 30 min at 20°C and before adding the neutrophils suspended in plasma, the ECM-coated culture dishes were washed four times with phosphate-buffered saline.
Preparation of protein coats for neutrophil adherence. To study neutrophil adherence on protein-coated surfaces, human fibronectin was adsorbed to culture dishes/coverslips as described above for endothelial cell culturing. Human collagen type IV purified to homogeneity was kindly provided by Dr. Bernhard Odermatt, Dept. of Pathology, University of Zurich. After solubilization in 0.02 M acetic acid, l-ml aliquots containing 20 ,g/ml of collagen were incubated in 10 X 35-mm culture dishes for 45 min at room temperature followed by three washes with phosphate-buffered saline. The existence of a homogeneous protein surface coat was verified by SEM (positive scratch phenomenon). For comparative studies with albumin coating, dishes were preincubated with electrophoretically pure albumin (5 mg/ ml phosphate-buffered saline; Behring-Werke AG, Marburg/Lahn, FRG) for 45 min and washed identically.
Preparation of neutrophil suspension and plasma. Venous blood from healthy human donors was collected into 60-ml plastic syringes containing preservative-free sodium heparin (20 U/ml blood; Novo Industries). Neutrophils were separated and resuspended in autologous heat-inactivated plasma (3 U heparin/ml) exactly as described (12) . Basal and stimulated neutrophil adherence and concomitant granule constituent release and hexose monophosphate pathway (HMP) activation of cells on different surfaces. Neutrophil adhesion on plain plastic surface, protein-coated surfaces, or completely closed cell layers that had been washed four times with buffer solution was assessed as previously outlined (12, 19) . Briefly, 1-ml aliquots of neutrophil suspensions (4 X 106 cells/ml of heat-inactivated plasma) were incubated in 10 X 35-mm culture dishes for 40 min at 37°C and 100% humidity/ 5% CO2. Immediately before plating, the adhesion stimulus fMLP (Bachem AG, Bubendorf, Switzerland) was addedat a final concentration of 2.5 AM (10); dilution by stimulus solution or control solvent (phosphate-buffered saline) was 1% by volume. Addition of fMLP after cells had already settled onto surfaces (10 min) did not alter the results. After incubation, the dishes were washed thoroughly and the nonadherent neutrophils were removed by carefully passing the culture dishes three times through an air-medium interface sequentially in four beakers containing phosphate-buffered saline at room temperature. (12) . To calculate the fraction of total cellular B12-BP released, neutrophils in heat-inactivated plasma were frozen-thawed three times after adding 0.5% Triton X-100. Basal and stimulated HMP activity with neutrophils incubated on culture dishes was determined by measuring the generation of 14C02 from [1- '4C]glucose (12) unexpected findings on the endothelial surface were checked morphologically. As made evident in Fig. 4 , A-C, morphologic appearance and state of metabolic activation of neutrophils were closely linked cellular events: the apparently surfacedependent reaction pattern of the phagocytes, rather than the concentration of the soluble mediator by itself, determined induction of a hyperactivated state. Thus, neutrophils settled on endothelial cells remained inert and retained a polarized configuration despite the presence of supraoptimal concentrations of fMLP. To see whether such antiadhesive properties were tissue type specific, identical experiments were performed on completely covering fibroblast cell layers, and again the behavior of the same neutrophil batches was controlled simultaneously on plain tissue culture dishes. As shown in Fig. 3 (E) On denuded endothelial extracellular matrices, neutrophils in the presence of 2.5 AM fMLP remain round or polarized, and no spreading is observed. (F) On extracellular matrices that have been preincubated with antifibronectin antibodies, the vast majority of neutrophils develop a highly flattened appearance ("immuneadherence"). results obtained with cells on fibronectin-coated dishes are presented in Fig. 3 B and demonstrate a functional response that lies somewhere between the findings obtained on plain culture dishes and whole cell monolayers: whereas adhesion promotion by fMLP did occur, HMP activation and granule release was markedly reduced when compared with uncoated dishes. Regarding morphology, the cell shapes on fibronectin appear in Fig. 4 D and show a predominance of polarized and partially spread neutrophils; complete flattening did not occur.
Data obtained on collagen type IV-coated dishes are similar, with lowered adhesion induction and even less metabolic activation ( Fig. 3 C) ; fully spread cells were again not encountered (not shown). Neutrophils were also tested on dishes coated with endothelial cell-derived ECM (Fig. 1 B) , a model surface that reflects organization and supramolecular composition of naturally occurring basal laminas more accurately (22) . Again, neutrophils revealed striking functional (Fig. 3 D) and morphological (Fig. 4 E) nonresponsiveness to high dose fMLP on this biologic surface. In view of these findings, one might assume that any protein coating of the plastic culture dish will decrease fMLPinduced neutrophil hyperadhesion, spreading, and activation. However, one must recognize that we worked with a full plasma system, thus, most physiologic plasma coating allowed for full activation of neutrophils on plastic, whereas, under identical medium conditions, fMLP activation was impeded on cell monolayers and ECM. To underline the specificity of the antiadhesive properties of biological surfaces more clearly, fMLP stimulation of neutrophils was also performed on albumin-coated dishes. Adhesion in the presence of fMLP (2.5 jiM) amounted to 22.5±0.9% on uncoated and 24.7±1% on precoated dishes; the corresponding results for BTBP liberation revealed 54±3% and 47±2% release of the total cellular Bir BP content, respectively (mean±SD, n = 3). Furthermore, albumin coating did not change the flattened cell morphology (spreading was identical to that seen in Fig. 4 B) .
We discovered, after testing other granulocyte adhesion inducers such as complement (inulin)-activated plasma (13) and endotoxin (12) under identical conditions, that neutrophil behavior on biologic surfaces was not different from the data obtained with fMLP.
Because an objection could be made that our assay system shows a general inherent inability to detect neutrophil adhesion to coated surfaces, a positive control situation was sought. We found that by preincubating ECM with antifibronectin antibodies, tight adhesion, granule content liberation, and HMP activation could indeed be observed (Table I ). This activated cellular state was expressed by highly flattened neutrophils (Fig. 4 F) .
To study a further aspect of neutrophil-endothelium interaction, we labeled endothelial cell monolayers with ["'In]tropolonate and then exposed them to native or fMLPstimulated neutrophils to detect possible cell damage revealed by increased label release. After an incubation time of up to 4 h, the spontaneous release was 4.1±0.5% (mean±SE) and amounted to 3.0±0.5% in the presence of neutrophils, with no difference noted in the presence or absence of fMLP.
Discussion
It has become a popular view that heavily armed neutrophils, once they are activated, will damage neighboring target tissues such as endothelial cells (5, 6) . This model has been broadly adopted to explain inflammatory vascular damage such as lung injury in the adult respiratory distress syndrome (23) . However, our findings clearly indicate that such a view is fragmentary and simplistic. Contrary to our expectations, which were based on experience with the induction of a highly activated, potentially cytotoxic state of granulocytes on tissue culture dishes (10-13), neutrophils layered on firmly attached and closed endothelial cell monolayers remained strikingly inert when exposed to identical soluble stimuli. Corroborating our belief that tight surface adhesion and spreading are prerequisites for neutrophil enzyme release and respiratory burst activation, this state of nonresponsiveness was accompanied by loose attachment and preservation of a polarized cell configuration that is characteristic for metabolically unstimulated neutrophils. While, phenomenologically, these data are rather self-explanatory, the discrepancies between our and studies reported earlier are more difficult to explain. We consider the following points to be most relevant: Firstly, cell membrane interactions may depend heavily on environmental conditions, a contention that sounds plausible but has not been respected in past in vitro studies. Thus, in protein-poor and lipoprotein-free buffer solutions, physicochemical membrane contact properties may be rather different than under plasma environmental conditions. Secondly, some of the earlier studies may have been performed with incomplete or suboptimally attached cell monolayers. Thirdly, contamination, e.g., by viruses (24) or mycoplasma (25) , has been shown to alter cell surface properties with respect to interacting cells. To avoid a further misunderstanding, a distinction must be made between "low affinity adhesion," a prerequisite for phagocyte movement on plain surfaces (26) , and "high affinity adhesion," that is, the type of (hyper-) adhesion described in the present study which is related to the termination of locomotion of a highly reactive cell (10) (11) (12) (13) . While such a distinction is easily made in theoretical terms, it may be difficult to define on practical grounds. Our findings, however, in concomitant morphologic and functional studies justify the assertion of such distinct types of phagocyte adhesion.
It is clear, for the following reasons, that both of our parameters, which allowed the detection of granulocyte activation, are but indirect indicators of a potentially cytotoxic state in neutrophils: (a) we had to measure HMP stimulation because superoxide release cannot be measured in the presence of plasma (27) (however, by assaying HMP activity, no substantial oxygen radical production nor respiratory burst activation should go undetected [28, 29] ). (b) With respect to B12-BP release, this assay is, in our hands, the most sensitive available marker for secondary granule content liberation. Nevertheless, possible endothelial damage in the presence of fMLP-exposed neutrophils was also assessed directly by the I l'In release assay whose results confirm the lack of substantial cell layer injury.
Although antiadhesive properties of cell membranes are obviously not tissue type specific because the findings on fibroblast layers were congruent, essentially similar data obtained in experiments performed with protein (fibronectin, collagen type IV) and, more important, with ECM-coated dishes suggest that our observations belong to a more general biologic principle. From a teleological point of view, this principle might be listed with other already known mechanisms operative in the antiinflammatory self-defense of the body such as the action of endogenous scavengers and antiproteases and, most recently defined, the antioxidative system of endothelial cells (9) . Because metabolic stimulation of neutrophils by soluble mediators rarely occurs while these cells are in suspension (12, 13) , the antiadhesive properties of essential tissue structures permit neutrophils, even when they are surrounded by inflammatory mediators, to reach a focus of microbial invasion without previously causing much injury to the host on their trip from the blood vessel to the focus.
Whether antiadhesive protection might collapse when activated neutrophils encounter cellular or interstitial surfaces that have been altered by foregoing injurious stimuli (30) remains to be determined. Furthermore, our unpublished observations of neutrophil adhesion induction, burst activation, and enzyme release by fMLP on closed layers of certain cultured human tumor cell lines (Ewing sarcoma) indicate that antiadhesive properties are related to distinct cell membrane characteristics whose definition may help to explain why cell membranes and interstitial tissue layers represent not only a physical but also a functional barrier to angry phagocytes.
